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'•' EXPERIMENTS T7ITE SUCTION- TYPE WINGS* 
3y 0. Schrenk 



The development of technical flight tends ever more 
powerfully toward the attainment of highly efficient 
flight performance, both for normal sport and commercial 
airplanes as well as for airplanes which serve some .sort 
of special use. In particular the reduction of minimum 
velocity, i.e., tho increase in speed range, has in the 
last years made progress, the end of which we have as yet 
by no means reached. Also with regard to climbing ability, 
absolute ceiling, and maximum speed, demands and perform- 
ance are in process of growth. 

In this development two distinct lines of progress 
on the aerodynamical side appear: the one concerns itself 
closely with the hitherto existing, customary forms of 
construction, and has with the help of additional landing 
flaps, slotted wings, etc., in steps but steadily and 
surely led to the improvement of flight performance. It 
appears, however, that this development will, successful 
though it has previously been, como to a natural limit 
within a short time. 

Thus the second "revolutionary" type of development 
is attaining an ever- increasing influence and importance. 
The fundamentally new types such as the autogiro and heli- 
copter among others, cannot as yet enter into general com- 
petition with the usual type of airplanes, yet they. bring 
and promise such progress that further development is un- 
dertaken everywhere with the aim of achieving success 
which is farther reaching than might be hoped from prelim- 
inary series of developments. 

■ One must' assign an intermediate place in this visible 
framework to the idea of wing suction. It can be regard- 
ed as a fortunate concurrence , that just now, after a long 
wind-tx\nnel development, the thought of suction aims -at a 
practical test with airplanes; the development of flight 
technique itself forces such "byways" to be practically 
invest igated. 

♦"Versuche mit Absaugef lugeln. " Luf tf ahr tf orschung, March 
28, 1935, pp. 10-27* 
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The present report collects the investigations of the 
past years which, vrhile not -as yet intended for use in con- 
struction, show different possibilities for the building of 
a suction-type wing and at the same time present some basic 
explanations ' concerning the problem of suction. 
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Let us call attention once more to the double effect 
of. wing suction. First of all it makes possible the at- 
tainment of a substantially higher c a value, and second- 
ly, allows the profile resistance of an uncommonly thick 
wing to be so far reduced that it is not much inferior to 
a normal profile. 

In the previous investigation (reference l) earlier 
experiments had given for the first time, after many diffi- 
culties, profile data for a certain (very thick) suction- 
tyjje wing which were complete and clear, and therefore 
could serve as a basis for a further systematic procedure. 
However, the extent of the results was limited and their 
trustworthiness could not yet be guaranteed in all points. 
Lastly, the results of that time could not clarify the con- 
ditions of flow sufficiently for further developments. 
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I. THE CONTENTS AND SUBJECT OE INVESTIGATION* 



Eirst of all, the earlier results of the thick pro- 
file were confirmed Vith improved methods of experiment 
and altered construction of models. They were refined 
and reompleted with regard to profile resistance and amount 
of suction, particularly in tho normal c a region ( c a < 
1.5) . 

The rearmost of the slot locations of that time had 
proved itself best. Therefore to start with, different 
widths of the slot in this location were investigated, 
then two slots of different width located farther to the 
rear, and finally still two other separate slots. 

Subsequently still other special investigations were 
carried out with these models, such as a measurement of 
the coefficients; furthermore, a large investigation of 
the physical nature of suction. To these groups in par- 
ticular, belong certain boundary-layer measurements as 
well as . experiment s with two further slot constructions. 

Until then, for wing suction, uncommonly thick wing 
profiles were used, principally becatise in them particu- 
lar experimental and flight technical advantages were seen. 

Notwithstanding the manifestly very favorable exper- 
imental results, the construction of an exper i men t? 1 ;. suc- 
tion-type airplane with a thick wing appeared first as 
somewhat daring, since the airplane would remain hardly 
able to fly with failure of the suction. 

The next task was now this, to show a way in which 
the flight, characteristics could be inprovedin a similar 
fashion with suction, while the airplane would be capable 
of normal flight even with the failure of suction. 

Suction experiments on a quite normal profile of usu- 
al thickness were postponed and instead a wing was inves- 



*The work collect sV'iii the 'form' of an extract , four previ- 
ous reports of the Aerodynamic Experimental Institute for 
the German aeronautical industry. With regard to many 
particular details, these reports must be referred to (sub- 
sequently designated as Suction Reports I to IV) Ing-. B. 
Winkler, who was particularly active in conducting the ex- 
periments. 
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tigated' whose rear end is a landing flap which is deflect- 
ed-downward and where suction takes place in the region 
of the corner formed there.? Two considerations decide the 
issue of . the choice of " suet ion-type wing with flaps." 

• .-I « It was supp.osod that it would not be possible 
to attain a c a value of between 3 and 4 with a 
normal wing (i.e., thin wing) by means? of suction 
alone without flaps. 

2. The high c a value should be reached with a' 
normal airplane's angle of attack in order to avoid 
a further difficulty in construction and flight. 

The wing with flaps was investigated with two differ- 
ent basic forms of the flaps, with the same area of flap. 
The aims of these different investigations were on the one 
hand an aerodynamically clean and consequently favorable • 
flow, and on the other an automatic and unobjectionable 
lock for the suction slot when the landing flaps are re- 
tracted. The present investigation has not succeeded in 
achieving both of these goals at the same time; either 
the one or the other could not be completely realized. 

After some determinations of coefficients, the behav- 
ior of suction-flap wings near the ground was also inves- 
tigated. 

II. TEE SCOPE OP THE EXPERIMENTS AND THEIR IMPORTANCE 

IN PLIGHT TECHNIQUE 

The thick profile requires a continuous suction in 
flight; the thin one' with flaps needs suction only in 
certain circumstances of flight. Consequently the demands 
put upon the output supply during the experiments were 
somewhat' different in the two cases. In the case of the 
wing with flaps, it is a question of getting especially 
favorable values of landing speeds in a short time with 
full use of the . available suction aggregate. This case 
may be designated "Suction case I". 

In the case of thick wings in cruising flights, on the 
contrary, it is. the object , through favorable equaliza- 
tion between propeller output and blower output , to get 
altogether the most economical use of the available fuel* 
(Suction case II). 
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The two suction cases cannot always he simply divided 
by wing profiles. For example, the thick wing in the land- 
ing conditions can be handled in general as_ Suction case I. 

What the significant performance factors are in the 
two cases is shown in the following sections where various 
factors are represented in detail, which in the previous 
publication (reference l) were given only shortly or in- 
completely: 

a) Re suit ant p res sure force and 1 i ft. - The lift was 
not determined by weighing, but for a particular cross 
section of the profile was found from pressure-distribu- 
tion measurements. Prom these the "resultant pressure 
force" R, was obtained, which one may imagine split up 
into the components of lift A and drag W^. Since the 
ratio W^/A is small in practice, we can approximate (in 
magnitude, but not according to direction) 

R = A and c r = c a * 

b) Angle of, a ttack .- a is the experimentally meas- 
ured angle; a<» is the corresponding angle of attack for 
infinite span and infinite jet. On account of the quite 
unusual ratio between model size and channel size, the 
difference between a and a<» is very large. As it 
could not be determined by theoretical considerations, 

occo was determined from the direction of R which is given 
by the pressure distribution. cccc is exactly perpendicu- 
lar to A; for R this does not quite hold exactly, but 
still approximately. A small correction, dependent on the 
value of was estimated and added where it seemed nec- 

essary. 

cL-jrhe .quantity, of air removed by suction.- The quanta 

ty of air removed by suction is Si vea ^7 tn e dimen- 

sionless coefficient 

C Q = v^ 



*It may be mentioned that for very high c a values (3 and 
more) with xisual aspect ratios also, the c a value re- 
ceives a correction and indeed a decrease of substantial 
size, which is connected with the normal induced resistance 
If momentarily we designate by c a the value for infinite 

aspect ratio, then c a = c aw cos a^ whore aj is as usual 

the induced angle of downwash. For normal wings cos ai 
1. 
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where' v is the velocity, P the surface of the wing, 
•and cqt (t^chord) may "be designated as "thickness of flow 11 

of the air disappearing inside the wing. 

■ P 

This definition indicates a reversal of the sign com- 
•pared to that previously given, according to which p was 
the suction under pressure. c p will generally "be nega- 
tive. (The previous definition had in certain cases given 
inconsistencies in meaning.) 

e L The coefficients, of suction _i nd ej^en d en t__. o_f „v el q.c i - 
ty.-*- The data concerning quantity and pressure of the suc- 
tion "blower "become more appropriate as far as the airplane 
is concerned if we do not make them dimen sionless with re- 
spect to wind.resp. flight velocities, "but instead use the 
quantities characteristic of the airplane, namely, airplane 
weight G ' and wing .surface P. We ootain then 

1/2 



c a / G3? 

and 



J P 



; T> P 



c a 



GrJJ 



These two factors have a direct relation to the quantity 
of air removed "by suction and to the suction pressure of a 
particular airplane in stationary straight flight and "by 
multiplication with the fixed constants for the airplane 

/- GF and we o"btain the values Q and p them- 

V p I 
selves. 

f) The pu re suction work (not given in the results) 
is equal to -Q, p* , the dimensionless coefficient is equal 
to -Co c, * 



0. V 



*-Qp respectively -Cp cq positive, "because p resp 



c is negative. 

ir 
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&) The total blower work depends in addition on the 
flow resistances in the air ducts and on the cross sec- 
tion of the surface opening. If we neglect the flow re- 
sistances, which are to he as small as possible, then the 
total blower work is equal to ■ 

-Qp + Q | V> 

and in terms of the dimensionless coefficient 

v b 2 

~ C Q. c p + C Q 

The air velocity in the exit section of the' blower v^ is 
connected with the size of exit cross section by the 

relation Q, = v^ S 1 ^. F- 0 itself will, under certain cir- 
cumstances, be given by constructional viewpoints. 

h) The sink resistance.- One part of the resistance of 

the profile Wq, the sink resistance, can be given imme- 
diately. Its value is 

tfq = p Q v 

It is caused by the indrawn air which gives up its entire 
forward momentum to the wing according to the impulse the- 
orem. Its dimensionless coefficient is 

W Q 

How and where this impulse transfer takes place, 
whether by pressure or friction, is unimportant as far as 
the magnitude of ffq is concerned, and is probably also 
different from case to case. 

i) The me asu red and total profile resistance.- The to- 
tal profile resistance of the wings, which is designated 
for the moment as Woj 1 , consists of 1Tq and a remainder 

Wco. By means of weighing, Wo,' could be measured, but on 
the other hand, by the use of the impulse method first given 
by 3etz (reference 2), it is possible to obtain the re- 
mainder TTqo exactly, as can be seen from a consideration 
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in connection with the original work "by Setz. Tor the to- 
tal "profile resistance, we obta-in 

V = p. Q v + Woo 
or, in dimensionle ss coeffitiients 

cw^' = 2CQ + c Weo 

c Wco > as tile result of the impulse method, is contained in 
the table of results.* 

k) The reaction effect. - The quantity of air removed 

by suction in case II will be blown, if possible, to the 
rear. lor all states of flight except for landing, we are 
interested in the resulting reaction shock which tends to 
unload the propeller. The resulting forward thrust is 

AW = - p Q v-fc 

or, in dimensionless coefficients 

v b 

Ac w = - 2 c q 

Cases in which the air. is not ejected toward the rear, re- 
quire special consideration. 

1 1_?L h e _r e s i s t a n c e __c o e f f i c i e n t _ .^o _b e _o ve r c ojme _bx._t_h.e 
thrust of the p ropeller,- This is with the reaction shock: 

As can "be seen from the above, it may become equal to zero 
or even negative, depending on the magnitude of v-^. For 
v^ = y it is exactly equal to c Woo « This relation holds 

only for air ejected toward the rear. 

*About the tabulated evaluation of the impulse measurements, 
see Suction Report I. 

A certain unevenness in the lift distribution may, as men- 
tioned above, increase the weighed resistance to some ex- 
tent without any noticeable effect in c w . 
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gl„ Tj-Lft -dg-Cls iY.e._.j).erf ormance factors in Stto-tion case 
I_II_ (see ch. II a. A.).- When it is a questipn of priaci- • 
pally' decreasing the landin"g 'velocity, tile' cross section 
Ft, of the blower exit is made as large as possible, and 
the corresponding blower output obtained according to par- 
agraph g) . For the start, on the other hand, our aim is 
to make a' little smaller for use of v-fc in reaction 

effect. A general discussion of the performance relations 
for start and climb is possible in general form; however, 
it is generally carried through more easily for the indi- 
vidual case as structural requirements generally change 
the consideration to some extent, 

nl_The _!L§.quivalent^rof il;e_dra&^.~ the decisive per- 
formance factor in Suction case III.- This is composed of 
the blower work and the propeller work. The "equivalent 
profile drag" coefficient is obtained as the sum of the in- 
dividual values g) and l).* For given values cq, c p , and 
c Wco • it is als ° dependent on v b ; that is, :F D . Calculations 
show that for v-fc, .= v, it has a minimum value of 

C l m = c w + cq (1 - c p ) 

.Concerning , measurements show the following:,** 

Increasing cq requires for a constant c a a decrease. of 
Cw oo and an increase °£ C Q, C 1 ~ c p) • ' For a certain par- 
ticular cq ' (and consequently also Cp , c w ) the sum of 
the two, ci ,- assumes a minimum value for all measurements 
at the same c a . 

This minimum value of cj^ is obtained by two entire- 
ly different minimum conditions (optimum value concerning 
quantity of air suction and optimum value concerning exit 
cross section of blower), and gives the minimum equivalent 
profile drag with which the particular c a can be obtained. 



This is based on the approximate assumption of equal ef- 
ficiency of propeller and blower; with small changes these 
considerations may . al so be carried- over for unequal effi- 
ciencies, but for a rapid survey the assumption of equal 
eff iciencies ' seems justified because of its simplicity. 
♦♦Compare also figure 5 above, and section IV; also remark 
to figure 5. 
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The set of these points for different c a values forms 
together the "equivalent profile drag polar" (see fig. 5 
above) of the suet ion- type wing, which in Suction case II 
may be made the basis of aerodynamic airplane design. 

If, in the case of an airplane, the correct dimension 
of y-jj for obtaining the minimum value c^ is not pos- 
sible, or at least not for all flight conditions, then we 
obtain for v-^ = v, the equivalent profile drag coeffi- 
cient = C 1qo + Cq (l ~ . 

III. ARRANGEMENT AND METHODS OE EXPERIMENT 



The essential details of the experimental arrangement 
are shown in figure 1. They are: end plates on the side 
of the wing (in order to obtain a uniform 2~dimensional 
lift distribution) , rigid suspension of the model (no meas- 
urement of the forces by weighing), measurement of air 
quantities by means of nozzles, measurement of profile re- 
sistance by means of the pitot-tube rake according to the 
impulse method as given by Betz, measurement of lift by 
means of drilled holes arranged around the profile at the 
middle of the wing for obtaining the pressure distribution. 

Eor obtaining the series of pressure-distribution 
measurements, suction pressure and profile resistance 
measurements, two photographical multiple manometers had 
been built. 

The investigation of each measured point was made in 
the following fashion: First, the suction was started, 
then the wind was started up. The behavior of the flow 
was observed and checked simultaneously with the measure- 
ments (manometer exposure, measurement of stagnation pres- 
sure, and nozzle pressure for determination of quantity of 
air removed by the blower system). The evaluation (read- 
ing, plotting, determination of areas) was made at the 
conclusion of a series of experiments. 

A series of checks, corrections, and special consid- 
erations which were required to make sure of the results 
before the principal investigation, cannot be individually 
mentioned here. (Compare, for instance, Suction Report I, 
section 5.) 
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The measurements for the most part were carried out in 
asmall 1.2-meter ( 3. 94-foot) wind tunnel of the Aerodynam- 
ical Laboratory, and at wind velocities between 23 and 30 
m/s (75.44 and 98.40 ft. /sec), and so at coefficients be- 
tween 7,000 and 9,000, i.e., Reynolds Numbers of between 
5 X 10 5 and 5.3 X 10 s . & 

IV. EXPERIMENTS AND RESULTS WITH A THICK WING- PROFILE 



Figure 2 shows the thick profile with the location of 
the drilled holes for pressure measurement; figure 3 gives 
the eight different slot configurations. The slots I- 17' 
correspond to positions aft of slot III of the previous' 
investigation; slot I was also, as far as the width was 
concerned, behind slot III. Slot VIII possesses a rounded 
rear edge but is otherwise the same width as slot III. 

The tables I to VIII contain excerpts of the results 
obtained with these slots. The complete tables, as well 
as also all figures, are contained in Suction Report I, 

C Q, c p 

Omitted are the values of Ci , — i"72*' — which can be 

08 c a c a 

calculated from the previous data as well as such repeti- 
tions as have shown agreement. 

To illustrate one case completely by figures, the re- 
sults of slot IV are repeated in figures 4 and 5. Figure 
4 above shows as the envelope of the individual series of 
measurements the curve for the required minimum, quant it ies 
of air at a particular c a . 

Figure 4 below (some other slots showed this even 
more distinctly) shows that with a certain scatter, the 
resistance is dependent essentially only on Cq. 

Also the graphs of c p vs. cq for the thick- profile 

show again a pretty uniform "path." Especially distinctly 
is this shown with slots I to IV and VIII (forward posi- 
tion of slot), less distinctly it is also present for 
rearward position of slots V and VI.* 

*The pressure distribution curves of figures 12 and 13 in- 
dicate the reason for this behavior. . The suction slot is 
located approximately where all of the pressure-distribu- 
tion curves cross. Thus there exists approximately con- 
( Continued on next page) 
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In figure 5 above we see how , according to the expla- 
nation of Section II n), we find, a minimum value of 

for each space a and how the "equivalent profile drag po- 
lar" becomes the envelope. 

In figures 6 to 11, which give the comparison of the 
individual arrangements, all small differences are inten- 
tionally neglected in order to emphasize more clearly the 
essential influences. Slots III and VIII coincide com- 
pletely in the results except for the resistance. 

The conclusions which we can draw from the comparison 
of the different results are the following: 

a) The slot width at "a particular slot position has 
no influence on the required quantity or on the type of 
flow. This holds at least as long as the slot width re- 
mains within a certain limit, which in the case of slot 
VII has already "been passed; also slot VI seems for small- 
er quantities of flow to be already somewhat too wide. 
The suction under pressure and so also the suction and 
"equivalent profile drag" are, on the other hand, as is to 
be expected, dependent on the width of the slot. 

b) The detail construction of the slot edges, whether 
round or sharp edges, does not seem to have decisive sig- 
nificance. The rounding of the rear slot edge is not at 
all noticeable; rounding of the other edge is, according 
to previous discussions, equivalent to a certain widening 
of the slot. (See reference 1.) 

c) The position of the slot is of very considerable 
influence on the resiilts: 

1. Jor the rearward position of theslots V and VI 
the required quantities of air are roughly 40 percent 
larger than for the forward position. The cause is the 
longer path of flow up to the slot. (See also V.) 

2. The required suctions under pressures are less for 
the rearward position of the slot because the suction 
pressures on the profile are less there. (Compare also 
figs. 12 and 13.) 

(Continued from p. 11) 

stant pressure independent of c a . Consequently when remov- 
ing the same quantity of air by suction, the difference in 
pressure between the outside of the slot and the suction 
chamber is roughly the same and thus the inside pressures 
will also coincide. 
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'.3, The profile output polar for the same width of 
slot is generally more favorable for the forward position 
of the slot. 

4.. The shape of flow in the region between slot and 
rear edge is somewhat different in the two cases. This 
can be seen from the magnitude of the cCco. required for a 

certain c a ; also on observations with streamers, and fi- 
nally ■ on the course of the pressure-distribution curves 
(figs. 12 and 13). These show clearly that the forward 
position of the slot is somewhat too far forward from the 
aerodynamical point of view because behind it the pressure 
rise stops already ahead of the rear edge. This flatten- 
ing of the pressure curve is well known as an indication 
of the vicinity of the separation flow. This is also the 
reason why, with the forward position of the slot at the 
same angle of attack, smaller lifts are reached. 

d) One of the most significant factors, and one which 
all slots have in common, is the strong decrease of c w 

compared to that of the same profile without suction. As 
it s c w , oa s .approximately equal to 0.05, we succeed by 

means of suction to effect a decrease to l/3 or l/4 of its 
starting value even for small values of c a . Even if we 
compare c^ instead of c Woo then for small c a and Cq 

the decrease remains still under l/s. 

The considerable scatter of the c w values is doubt- 

less due, in addition to certain faults of the series 
method of measurement, to the fact that the resistance is 
not determined as usual as the mean value over the entire 
span, but is taken as the value at a particular profile 
cross section where local differences cannot compensate 
themselves.. Prom some results and check calculations, we 
find in addition that the hardly avoidable small reduction 
of the smoothness of model surface in the course of the ex- 
periments with changes of the model, has a certain effect 
on the results. This indicates that with suction wings, 
great emphasis is to be put on clean construction and care 
of the wing surface. 

Special. experiments carried out in the large 2.2- 
meter (7.22-foot) wind tunnel were concerned with the re- 
quired quantities of air for "pulling back" flow which has 
already separated. This experiment was not possible in 
a small tunnel because the jet was deflected very much 
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by the large model. ?or values of c a & 2 th^ae experiments 
gave air quantities of approximately 125 percent, for val- 
ues of c a « 3 a quantity of air of 130 percent of the 

minimum quantity. 

Also carried through in the 2.2-meter tunnel was a 
series of experiments for determination of coefficients 
with slot I. In the course of this experiment the required 
minimum pressures and quantities were determined for fixed 
angle of attack corresponding approximately to c a = 2 . 3 . 
Both of these decreased continuously "by a small amount "be- 
tween Reynolds lumbers of 2.5 X 10 5 to 9 X 10 s . To a 
smaller extent the corresponding c a values followed the 
same course. Altogether conditions with increasing 
Reynolds Number up to 10 s seem to "become somewhat more fa- 
vorable, o'r at any rate not worse. 

V. BOUNDARY LAYER REMOVAL BY SUCTION AND SINK ACTION* 



Certain experiences in the course of research work 
have again called attention to the physical phenomena 
which lie at the basis of the suction effect. Their ex- 
planation seemed necessary to a further development. Es- 
pecially the fact that, contrary to previous expectations, 
slots which lie so near the rear edge as V and VI are still 
effective, did not seem explainable according to the old 
conception of boundary-layer removal by suction. 

The old theory of suction was simply this: The strong- 
ly retarded parts of the boundary layer in a region of 
pressure rise are removed by suction before they cause 
separation. of the total flow; thereupon a new boundary 
layer is formed which can again overcome a certain pres- 
sure rise. 

Now the question arose as to. whether the "sink influ- 
ence," i.e., the change in the statical pressure on the 
surface due to the suction, is not essentially connected 
with the formation of the newly achieved form of flow.** 

♦Compare also 0. Schrenk, Z.f .a.II.M. , vol. 13, 1933, p. 180. 
**This problem was first investigated further in a contri- 
bution by Professor Prandtl (not yet published) on a total 
representation of aerodynamics; also, and independent there- 
from, in Suction Report I, of the author. Similar questions, 
however, without the correct consideration of the boundary 
layer, have also been raised by others. 
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The sink influence consists of a flattening out of 
the pressure rise "before and after the slot, which, in the 
immediate vicinity of the slot, is even converted into a 
pressure drop. (See fig. 14, where the actual flow with 
sink influence has "been denoted by circles, the calculated 
main flow without sinks by crosses.) It arises "by the su- 
perposition of the suction flow which is directed radially 
toward the slot and the main flow which runs approximately 
parallel to the surface. According to Bernoulli, the pres- 
sure difference between the two is at each point approxi- 



fluence) and w is the velocity of the sink flow (small, 
compared to the main flow). 

It is clear that this change of the pressure field 
must prepare a more favorable path for the development of 
the boundary layer which does not lead so rapidly to sepa- 
ration. The required quantity of air for suction is then 
(contrary to the old conception), in no particular ratio to 
the quantity of the boundary layer. The quantity required 
for suction must, however, be made so large that the two 
pressure rises (practically the one ahead of the slot is 
decisive) are just yet bearable ( German " ert ragbar 11 ) for 
the development of the boundary layer. An essential dif- 
ference between the two suction theories is this: that the 
real boundary- lay er suction acts only toward the rear, i.e., 
downstream, while the sink influence is effective both in 
the front and in the rear. 

Actually the two phenomena will generally appear cou- 
pled; the conceptions are, however, also justified insofar 
as we can give independent examples of each. For the pure 
boundary-layer removal, we can imagine a body whose sur- 
face consists of a fine-meshed sieve or of a porous mass, 
lor the sink influence we can consider the wing with suc- 
tion at the rear edge. The problem of the investigation 
of this section was, therefore,, only a practical one, 
namely, to show which effect predominates in the measured 
and similar sections, and which of the two concepts is 
therefore more suitable for a working theory. 

The previous investigations had shown: slots consid- 
erably farther forward than slot I are xxnsuitable because 
then the flow separates ahead of the rear edge of the 
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wing; on the other hand, it was recognized that slots far- 
ther aft than 7 could furnish an aerodynamically good flow 
with a certain increase of the quantity of air removed "by 
suction. Why the most effective slots lie aft of the half 
chord can also be explained "by considerations which are 
not immediately concerned with the nature of the suction.* 
However, the complete state of affairs is not fully 
cleared up "by such a manner of consideration. 

A consistent explanation is obtained, however, if we 
add the "sink effect toward the front." Some further in- 
vestigations have shown that the sink action is actually 
intimately connected with the suction process. 

If the theory of sink influence is correct then, as 
mentioned before, a suction from the rear edge of the wing 
must be possible. Slot X (fig. 15) corresponds practical- 
ly sufficiently closely to this boundary case. As was to 
be expected, by means of a sufficiently large quantity of 
air removed by suction, the flow could be kept clinging 
to the wing. The required quantity is roughly three times 
as large as for slot I and roughly, twice as large as for 
slot V, Prom a practical standpoint, this result has lit- 
tle importance. 

The actual proof for the large contribution due to 
the sink effect has been given by another experiment. 
(See fig. 16.) 

For a slot as illustrated in figure 16, it can be 
proven that no sink effect can arise in the pressure field 
if the width of the slots is equal to the thickness_of the 
layer of air to be removed. If, therefore, the presence 
of a sink effect is absolutely necessary for the suction 
effect, a quantity corresponding to the width s will not 
be useful, and only such contributions beyond this value 
will act favorably. The quantity of air has to increase 
with increasing width of the slot. 

This increase in the minimum amount of air was most 
strikingly proved by experiment. In this case the slot 
was located at about the same position as the previous 



♦Where greater 
pressure rises 



velocities occur, correspondingly 
are also overcome. 
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slots Y and 71. The results obtained are: 



a 


g , mm 




c p 


30° 


4 ' 


0.022 


-8.5 


30° 


5.5 


.023 


-7.3 


30° 


8.5 


.041 


-3.2' 


30° 


12.5 


.054 


-2.6 



The smallest value of cq for ' - s = 4 mm (0.157 in.) cor- 
responds approximately to the value of the plane slot, all 
others being larger. 

The result will he even more intuitive if we consider 
the corresponding curves of the pressure distribution (fig. 
17). Disregarding a parallel displacement, which will be 
discussed in the following paragraphs, the curves agree 
very well in the forward region of increase in pressure; 
also in the region of the sink effect near the slot where, 
without an overlapping rear edge, we ought to obtain con- 
siderably different pressures for different quantities of 
air. Apparently the creation of a just sufficient sink 
effect was decisive for the magnitude of the quantity of 
air . 

In connection with the above-mentioned parallel dis- 
placement, the magnitude of the real boundary-layer remov- 
al may be recognized. This parallel displacement is 
caused by the fact that for the two smaller amounts of air 
no considerable increase in pressure has to be overcome 
behind the suction slot; i.e., in this case the amount of 
air' is too small for the actual boundary- layer removal, 
whereas for the two larger quantities of air both boundary- 
layer removal- and sink effect are acting. 

Still earlier there was an idea to make practical us'e 
of such designs as slot IX, since in this case the air 
would flow in with less suction pressure, by itself, so to 
speak. However, the results show that this is not of 
practical value after the sink effect becomes ■ of imp'or-* 
£anfee. - . ■ 

An invest igat ion of the boundary layer it self al so 
gave the same results concerning the sink effect. 

A method of calculation as developed by Gruschwitz 
(reference 3) , was applied to calculate from the boundary- 
layer measurements on the suction wing for slot locations 
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I and V, if and where separation wouid occur in front of 
the slot without sink effect (fig. 14), Disregarding for 
the present all details, the- result obtained is that for 
slot V; without the sink effect the flow would have sepa- 
rated far ahead of the slot ,. whereas with the sink effect 
it will, for the minimum quantity of air, just he able to 
stay on. Obviously in this case the sink effect is deci- 
sive. The result is not so definite for slot I. The cal- 
culations show that without the sink effect the flow would 
separate approximately in the region of the slot. It does 
not seem possible as yet to draw definite conclusions from 
this . 

VI. EXPERIMENTS WITH FLAP PROFILES* 



The section with the four different designs of flaps 
investigated is shown in figure 18. Flap I is so designed 
that the slot does not open until the flap moves. This 
first design has the advantage of a smooth and at the same 
time a safe slot lock. 

For flap II (a and b) it was considered advisable to 
neglect an automatic slot lock in order to clear up the 
removal of some aerodynamic disadvantages of design I. 
For design II the slot is located behind the curved part 
of the leading edge of the flap. For flap lie the suction 
slot is moved into the rearmost portion of the curved part, 
thereby guaranteeing automatic locking of the slot for zero 
deflection of the flap. 

Figure 19 shows the meaning of angles a and p and 
the distance a. The moment (c^^ > which in some cases 
has been determined from the pressure distributions simi- 
la.rly as the center of pressure, has been given for the 
leading edge as reference point (fig. 18), while the mo- 
ment of the flap has been given for the hinge of the flap 
as reference point. The pressures inside the chamber have 
been measured at station p. (See fig. 18.) 

Tables IX to XXI give the most important results of 
these arrangements, again in summarized form. 

The values of c-p and cq have been measured rather 



♦The investigation of the flap profiles has been suggested 
by Mr. H. B. Helmbold. 
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high and unf avorably due to the comparatively narrow cross 
sections inside the wing.* 

Unfortunately it was impossible to avoid limiting the 
number of samples of the curves in this case, since the 
angle 8 appears as another parameter. A complete repre- 
sentation may be found in Suction Report III. 

For flap Ha, the results have been represented com- 
pletely in figures 20 to 24, 26, and 29, A representation 
of is not necessary in this case. (Suction case II 
in sec. II will hardly occur here.) 

The results show that concerning the quantity required 
for a certain c a region, a definite flap deflection is 
always most favorab'le in all cases: 

8 = 15° up to c =2 

30° » » c a = 2.8 

45° » 11 c Q =3.3 

SO 0 for c a beyond these values 

c a values obtained without suction (c^ = 0) up to about 
2 are important in case of emergency (failure of suction). 

The fluctuation of the flow for 8 = 60° below a = 

o 

10 has happened since then in several other cases. Here- 
by the flow flxictuates irregularly about 2 to 5 times per 
second- between the separated and the unseparated case. 
These irregularities may have their origin in two aerody- 
namic sources of instability: first, a curved surface with 
pressure increase (suction curvature), and second, an edge 
which deviates" the flow (such as organ pipes), both act- 
ing under unfavorable circumstances. 



♦Inside of the wing the pressure decrease from the closed 
to the open part of the wing follows approximately an ex- 
ponential law. The local distribution of the magnitude of 
the suction will be of the same character. As an exact 
analysis shows,, this tends to increase the values of the 
experimental; results; however, it is not possible to esti- 
mate the resulting errors more accurately; 
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The values c p and for the wing with flaps, 

depend not only on cq "but also very much. on the angle of 

attack; i.e. , the lift, contrary to thick and rigid sec- 
tions. Furthermore, they vary with j3 , such that an in- 
crease in p causes larger values of Cp and c Ww . All 

curves, however, seem to show that the conditions of the 
flow are rather complicated. 

Comparing all three (four) flap devices, we obtain 

the following results (see also figs. 25 to 33 and the 

Gables 1 -: 

a) With the exception of the suction pressures, flaps 
Ila and lib do not differ very much. Concerning the quanr 
tity of air, lib seems slightly more favorable. For lib 
the flow does not fluctuate for p = 60°. 

b) Concerning the quantity of air required for a def- 
inite value of the, lift, lie seems almost always most fa- 
vorable. I is better than Ila fcr lifts up to 3.3; for 
the rest they are equal. The region of c a for favorable 
consumption of quantities of air for values of P differs 
very much for different flaps. 

c) For corresponding suction pressures the order seems 
to be a little different. For very high c a valties which 
are decisive for the strength of the blower, lie is not as 
good as the other two which, for a rough consideration, are 
nearly equal. For smaller values of $ and c a the con- 
ditions are just about the same. Unfavorable for lie, in 
addition to that, is the fact that the suction pressures 
increase . very fast due to the narrow slot if the quantity 
of air is larger than the minimum quantity. 

d) . For Ila the profile drag is usually very small 

( «0.005 to 0.02). It is larger for lie (wO.Ol to 0.04) 
and it is largest for l(«0.01 to 0.07). In the case of 
landing, larger profile drag is not undesirable if no oth- 
er disadvantages are connected with it. However, for 
these high values of c a these differences will be negli- 
gible compared to the induced drag. 

e) Considerable differences occur for the angles of 
attack. For flap Ila high values of c & , above 3.5, may 
be obtained for values of a between 3 and 14°. For 
flap I, a has to be above 14°; lie lies in between and 
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needs angles of attack of 10° and more. For the actual 
airplane there is an additional induced angle of attack. 
Therefore small angles a may "be desirable concerning the 
landing gear, 

Prom the theoretical curves in figure 26, we may see 
how the actual flow approximates the frictionless pure por- 
tential flow. For flap Ila tho differences compared to 
the theory are about the same as for ordinary wings with 
"boundary- layer removal; however, they are considerably 
larger for f and lie* 

f) Moments about the Y axis are somewhat smaller for 
I and lie compared to Ila. 

For c a = 3,5: Ila, c m = 1.3 to 1,45; 

I and lie, c m = 1.2 to 1.35. 

For the smooth section it might be mentioned that the 
c.p. is almost fixed. 

g) The efficiency of the flap can be represented by 
For Ila this value is abotit O.OS (in degrees); 

" lie " " " " 0.033; 

" I " 11 " " 0.03 and less. 

d c a 

For ordinary ailerons of the same chord, — — k~~ is about 

d p 

0.05.** From the present designs it may be concluded that 
certain differences occur for the flow for different de- 
signs of flaps. 3y means of some streamlines, figure 18 
shows the conditions' as observed by means of strings. 

In cases Ila and lib, the flow follows the contour of 
the section smoothly until the trailing edge; for case I 



*The calculation \i.pon which these curves are based is an 
extension of G-lauert's method (reference 4), G-lauert's 
method was extended for larger values of {3 and a and also 
for finite thickness of wing sections by approximations 
based upon the well-known theory of Joukowsky sections. 
** Calculat ions based upon experiments of Peter sohn and 
Higgins and Jacobs (reference 5). 
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the separation "begins almost always at the rear edge of 
the slot; case lie lies in "between. It is ohvious that 
different values of c OT must result from this. Differ- 

00 dc a 
ences in the values of CC,», c^, and are caused "by 

the fact that the flap with the wake acts like a flap with 
a smaller p. 

To understand these differences in the flow, it is 
necessary to study the pressure and flow conditions at 
such a sharp deflection hy "building up the (actual) flow 
from its components. According to the laws of the poten- 
tial flow, the pure deflection is connected with an under 
pressure which increases in the first part of the deflec- 
tion and decreases in the second. Therefore, we obtain 
pressures which vary a great deal from point to point. 
If, as in the case of the wing with flaps, the edge is lo- 
cated in a field of increasing pressure, then this pres- 
sure will be flattened out in front of the edge by the 
above-mentioned decrease in pressure. In most cases it 
will even become reversed, while it will be increased by 
the increase in pressure. Slot J. is located so that its 
forward sink effect cannot "be made useful, since it lies 
in a region of decreasing pressure, anyhow (as explained 
above). Furthermore, the slot is located in a region of 
very fast- changing pressure and therefore acts similarly 
to the rather. wide slot VII in figure 3. Part of the high 
increase in pressure which has its origin aft of the de- 
flection', lies behind the slot, and at once starts another 
separation. Tor slot Ila, however, the most effective 
forward sink effect is moved into the second part of the 
deflection; i.e., in the region of the most dangerous in- 
crease in pressure. However, aft of the slot the flow 
follows the contour smoothly until the trailing edge of 
the wing. The experiment with slot lie shows that it is 
not possible to change the location of slots Ila and Ilh 
very much in order to obtain an automatic slot lock, since 
even now a very small displacement changes the flow very 
much. Figure 34 shows one of the pressure distributions 
characteristic for flap wings with boundary layer removed. 

■M fl 

In a few pases the coefficient Cfi = — ;-rg — (coeffi- 

( l Dtr f 1 

Cient of the flap moment Mfi) was determined similarly to 

c a and c^. Since the calculation is based upon very 

few experimental points, the result obtained is not very 
accurate and therefore can only give the order of magni- 



Iff. A. C.A.' Technical Memorandum Ho. 773 23 



tude of the values varying with a, c a , and cq , ,. the fol- 
lowing values have "been found for flap Ha: 

For p = 15° c fl = 0.14 to 0.18 

30° .28 » .33 

45° .35 » .56 

60° .42 » .59 

For separated flow the above listed values are decreased 
by 20 to 50' percent. For the following scries of Reynolds 
Numbers, which unfortunately are very limited for experi- 
mental reasons and for P = 45° and a = 20° ( Ila) i we 
obtain the following values: 



R.H. 


* c r 




C P 


2 


X 10 s 


3.20 


C u 019 


-3.1 


4 


X 10 s 


3.15 


.017 


-2.9 


5 


X io 5 


3.10 


.016 


-2.7 



A decrease of the minimum quantities of air and minimum 
pressures require.d is connected with a decrease in the re- 
sulting lift. On the average, the result does not become 
worse. 



Experiments with flap Ila concerning the effect of the 
distance from the ground disclosed that for equal quanti- 
ties of air removed, the lift becomes smaller for decreas- 
ing distances from the ground (tables 22 to 25). An in- 
terpolation of the measured points shows the maximum pos- 
sible lift decreasing from: 

c r = 3.75 to 3.45 for |- = 2 for cq = 0.03 

c r = 3.75 » 3.70 »" |= 1 p = 45° 

(For the measuring of a, see fig. 19.) For equal c r the 
suction pressures remain nearly constant. 

Regarding the ground effect, a high-wing design seems 
to be preferable when this type of wing is used, and very 
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close to the ground, it will be necessary to have a maxi- 
mum amount of suction for a short time, or the gliding mo- 
tion will he superimposed by a downward acceleration which 
is some part of the acceleration of the earth. 

An aerodynamic explanation for this decrease in lift 
which occurs even though the effect of pressure on the 
pressure side increases near the ground, is given as fol-_ 
lows: For the flap deflected, the direction of the flow 
will be changed very much toward the ground; at the ground 
it will at once be directed toward the rear. In the angu- 
lar space between flap and ground, we obtain a damming ef- 
fect which causes increasing pressures on the suction side 
of the flap, and lower velocities at the flap compared to 
those without ground effect. Disregarding the region clos- 
est to the trailing edge, we can make the rather rough as- 
sumption that the flow along the wing section with the 
ground effect will be similar to that without the ground, 
thus obtaining a relation between lift and quantity of 
air. The decrease in the required quantity of air to be 
removed is proportional to velocities; the lift of the 
suction side, however, decreases faster (Bernoulli's law). 
The result is. that near the ground we obtain a smaller 
value for c a for tho same cq. 

VII. OUTLOOK S'OE FLI5HT TECHNIQUE 



Without going into details of construction, we can 
estimate from the experimental results the performances 
to be obtained in flight; i.e., estimate the improvement 
&\\e to removal of the boundary layer. 

It will be possible to: 

Increase the speed range; 

Increase the rate of climb and the ceiling; 
Seduce take-off and landing distance. 

Other improvements such as higher loadings at take-off are 
closely connected with the above-mentioned ones. 

It might be mentioned that very thick wing sections 
may, under certain circumstances be very valuable for both 
useful space and structures (strength). 



The consideration, results of which will be presented 
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here, hasbeen made in the following way:. A clean airplane 
with flaps, however, without suction ( 'boundary-layer re- 
moval) , has "been compared with two suction airplanes - one 
of them with a thick wing section, the other with the thin- 
ner flap section. All three airplanes are supposed to have 
equal cruising speed, equal weight, and equal rest resist- 
ance (F wr ) for equal engines. We therefore will obtain 

differences regarding the wing area and small differences 
also in the weight. ^ 

The. following notation has been used: 

Mj = airplane without suction (wing area = Fj) 

Hjj = airplane with suction with thick wing section 
(wing area = F^) 

Mm ~ airplane with suction with flap section 
(wing area = Pjjj) 

The following tabulation gives all the numerical values 
upon which the calculation has been based - (Numerical val- 
ues for Uji and Mjtj corresponding to one experimental 
result s) : 





c w_ 
p min 

0.0095 a ^ 


a max 

"ITT 


C Wn . 

Pmm 
253 


F 

0.018^* 


M II 


.0150"°) 


4.0 e ) 


2 67 


g) 


M III 


.0115°) 


3.6?). 


313^ 


g) 



a) Estimated from results of good wing sections. 

b) instead of c Wp (suction case II, ch. II). 

c) Without suction; B = 0; thicker section than for 

d) With lift flap. 

e) c a depends on the allowable suction. 

£)• Value approximately corresponding to good airplanes, 
g) Has to be transformed on account pf the wing areas 
Fji and Pjjj to be determined: 

=~- = 0.018 , etc. 

3?U In 
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For the consideration of the maximum altitude (coil- 
ing) the following values have "been selected: 

For Mil the results with slot IV ( c-^ in fig. 4) 

For Mj T j the few measured points of flap I la (for 
0 = 15° and 30^ 

For Mj values have "been estimated, since convenient ex- 
perimental values were not at hand. These values may be a 
little conservative: 



Ca = 


1 


c Wp - 


0.018 


c a = 


1.2 


c w p = 


.025 


c a = 


1.5 


c w p = 


.035 


c a = 


1.8 


c Wp = 


.045 



F 

The aspect ratio of Mi has "been selected so that = 
0.04 (aspect ratio 8:l). The thickness of the wing^sec- 
tions at the root: Mt : 20 percent; Mji: 45 percent; 
Mm: 20 percent. 

As mentioned before, the wine section of airplane Mj 
decreases faster toward the wing tip than that of Mm. 

All three airplanes are supposed to have equal cruis- 
ing speed for equal engine performance and equal rest re- 
sistance. Neglecting the induced drag, we therefore ob- 
tain different wing areas: 

For equal weights the minimum velocity is proportional to 
— * 

t-vtr 

P • 

■-=-- . Thus we obtain: 

Ca niax 
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v min n = °' 375 ▼ B la I ' <°« 9S v mlni ) 
v min in = 0.9 v mini (0.91 v rain;[ ) 

For constant chord the wing spar of Ujj. "becomes a little 
higher and thus a little lighter; the wing spar of Mju 
a little lower and therefore a little heavier than that 
of Mj. The rest of the weight proportions of the airplane 
also change slightly. Estimating all these influences,, we 
obtain the values as given in the above parentheses. 

It may "be seen that there is an advantage in the speed 
range compared to highly developed, airplanes without suc- 
tion which, however, is not as yet very remarkable, and we 
have to aim for further increase in c a or decrease in 

°w p °r c loo . 

Introducing a law for the dependence of the engine 
performance on the altitude in the region of maximum ceil- 
ing, we will be able to estimate the differences in the 
maximum ceilings of Mj , Mjj, and Mjjj without making 

other assumptions about wing and power loading.* 

Concerning VLjj we can even make another step. For 
equal span the chord length of Kjj decreases to 0.63 com- 
pared to LI J . In spite of this decreased chord, the height 
of the spar at the wing root is greater than that of Mj , 
namely, 0.S3 X 0.45 tj = 0.285 tj against 0.2 tj for 
Mj. Instead of making the spar a little lighter, as in 
the case of Mjj, we can increase the span without in- 
creasing thc-spar section, thus increasing the allowable 

load. Its - (moment of resistance) is = 1.43 

c 0 . c, 

times greater than that of ' for equal cross section; 

the span can be increased by </l.43 = 1.196, while ciLor : d llll 
length and depth of spar may be decreased by : — — until/ 
utilization of the - of the spar for the same cross sec- 
tion has been obtained. Unfortunately, the new spar will 
be a little heavier. 



*Eowever, not for the ceilings themselves. 3?or the method 
of calculation, see reference 6. 
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The airplane thus obtained may he called Mjj X 
since it has the same wing area as Mu« Regarding climb- 
ing performance, it will "be "better than Mji and Mm* 

The following values for the differences in maximum 
ceiling have been obtained: 

Mji against lCj a AH « 0.55 km (0.75 km) 

■ Hj : AH ft* .4 « (0.3 » ) 

» Mj: AH « 1.6 ■ (1.6 ■ ) 



H III 



HlI X 



Also the speed at maximum altitude has been calculated:* 



€.11 
r si 

r £lLi 



« i;i 



w 0.95 



en 



w 1.2 



It may be mentioned that for several reasons the values of 
AH and Vg cannot be accurate values. 

To obtain rate of climb and time to climb, we have 
to make assumptions about wing loading and power loading, 
also about the performance of the engine in all altitudes 
between sea level and maximum ceiling. The results depend 
too much on the choice of special conditions, so that it 
does not seem very useful to give numerical values. Nu- 
merical investigations, however, prove again the superi- 
ority of the "suction" airplane, especially Mjj . 

Defining the landing run as the path of the airplane 
from a certain altitude (depending on the landing field) 
to the final stop, we see that two values are important 
for its magnitude: the landing speed of the airplane and 
the gliding angle when approaching the ground. 



♦Effects of weight have been estimated and accounted for. 
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The landing speed was given previously. The landing 
run will in some way also he slightly affected hy differ- 
ences in weight (for the airplanes investigated). 

Concerning the gliding angle, the slower airplanes, 
Mli an<i ^11 1 are slightly superior to Mj since — — = 

P *v 

~~£§" • M j j , however, this advantage vanishes on 

account of larger span. Altogether,. Mjj and Mjji will 
he "better than M j ; Hjj X , however, nearly equal or 
slightly less favorable in landing run. 

Similar to rate of climb and time to climb, the take- 
off distance depends on the engine and propeller perform- 
ance and especially, on the wing and power loading, and 
cannot be easily determined. At any rate, one knows that 
the take-off distance is primarily determined by the pres- 
sure head q a (at the instant the airplane leaves the 
ground) and the maximum angle of attack <p of the airplane. 
(Take-off distance = the distance from the beginning of the 
rolling until a prescribed altitude has been reached.) The 
pressure head may approximately correspond to that of the 
maximum angle of attack. Based upon the experimental re- 
sults for the ceiling, the angle of attack can be assumed 
to be larger for the "suction" type airplane, especially 
for Mjj x than for Mj (without suction). The aerody- 
namic pressure q a of the best angle of attack is smaller 
for Mjj x (very likely also for Mjj and M IXI ) than for 
Uj , so that a remarkable decrease in the take-off dis- 
tance mas'- be expected for the "suction" type airplane, es- 
pecially for Mjj*. 

For completeness we might mention that the basis for 
comparison changes very greatly as soon as the service 
conditions are altered. Thus, for instance, we might in 
some cases neglect a high velocity at low altitudes or, 
on the other hand, just aim for such a high velocity. 
Such conditions have to be investigated separately. With- 
out doubt, a further development of the suction wing will 
be possible and necessary. 

Thus the thick wing section will very likely be supe- 
rior to any other design as soon as it is possible to ob- 
tain ci values of 0.01 instead of 0.015 at cruising 

flight. Further experiments in this direction are planned. 
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As to the wing with flaps, the following problems are 
important: 

Design of a flap with an automatic locking device 
for the slot at zero position of the flap which, 
however, has the same advantage as XIa with re- 
gard to a small angle of attack required (see 
sec. 7); 

Decrease in the quantity of air to be removed and 
in the suction work; 

Application of suction to thin sections with smaller 
values of c w ^ for (3 = 0, 

It is a question as to whether or not fundamentally 
different forms will be developed in the future. At the 
present tine the thicker wing sections seem to have more 
possibilities for future development. However, it will 
not be applicable for small airplanes since failure, of 
suction might bring the airplane into a dangerous situa- 
tion. Sufficient safety could be obtained by distribut- 
ing the entire "suction" upon several aggregates. 

Thus a thick wing section will very likely not repre- 
sent the first step for the application of boundary- layer 
removal. It will be advisable to use smaller airplanes 
with flaps which will be able to fly without "suction," 
in order to investigate all the major difficulties of suc- 
tion airplanes* 

VIII. COUCLUSIOHS 



Two suction wings have been investigated: a thick- 
wing section with a thickness ratio of 40 percent with 
slots of various widths and at various stations (figs. 2 
and 3) and a flap wing with various designs of flaps and 
suction slots (fig. 18). With flap at zero position, the 
flap wing had almost no c.p. travel. Its thickness ratio 
was 20 percent. 

In varying the slots of the thick section, it was im- 
portant to find the most efficient location of the slot: 

1. To obtain maximum values for c a (c r ) for mini- 
mum sue t i o n . 
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The landing speed was given previously. The landing 
run will in some way also "be slightly affected "by differ- 
ences in weight (for the airplanes investigated). 

Concerning the gliding angle, the slower airplanes, 

w * 

VLjj and Mjji are slightly superior to Mj since q— = 

— %-*r . For Mtt x , however, this advantage vanishes on 

account of larger span. Altogether, Mjj and Uju will 
he better than Mj ; Mjj 2 ", however, nearly equal or 
slightly less favorable in landing run. 

Similar to rate of climb and time to climb, the take- 
off distance depends on the engine and propeller perform- 
ance and especially, on the wing and power loading, and 
cannot be easily determined. At any rate, one knows that 
the take-off distance is primarily determined by the pres- 
sure head q a (at the instant the airplane leaves the 
ground) and the maximum angle of attack <p of the airplane. 
(Take-off distance = the distance from the beginning of the 
rolling until a prescribed altitude has been reached.) The 
pressure head may approximately correspond to that of the 
maximum angle of attack. Based upon the experimental re- 
sults for the ceiling, the angle of attack can be assumed 
to be larger for the "suction" type airplane, especially 
for Mjj* than for Mj (without suction). The aerody- 
namic pressure q of the best angle of attack is smaller 
for Mjj 3 - (very likely also for Mjj and Mjjj) than for 
Mj, so that a remarkable decrease in the take-off dis- 
tance may be expected for the "suction" type airplane, es- 
pecially for ^n x « 

For completeness we might mention that the basis for 
comparison changes very greatly as soon as the service 
conditions are altered. Thus, for instance, we might in 
some cases neglect a high velocity at low altitudes or, 
on the other hand, just aim for such a high velocity. 
Such conditions have to be investigated separately. With- 
out doubt, a further development of the suction wing will 
be possible and necessary. 

Thus the thick wing section will very likely be supe- 
rior to any other design as soon as it is possible to ob- 
tain c7 values of 0.01 instead of 0.015 at cruising 

flight. Further experiments in this direction are planned. 
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As to the wing with flaps, the following problems are 
important: 

Design of a flap with an automatic locking device 
for the slot at zero position of the flap which, 
however, has the same advantage as Ila with re- 
gard to a small angle of attack required (see 
sec. Y) ; 

Decrease in the quantity of air to "be removed and 
in the suction work; 

Application of suction to thin sections with smaller 

values of c w for (3 = 0* 
P 

It is a question a.s to whether or not fundamentally 
different forms will he developed in the future. At the 
present time the thicker wing sections seem to have more 
possibilities for future development. However, it will 
not be applicable for small airplanes since failure, of 
suction might bring the airplane into a dangerous situa- 
tion. Sufficient safety could be obtained by distribut- 
ing the entire "suction" upon several aggregates. 

Thus a thick wing section will very likely not repre- 
sent the first step for the application of boundary- layer 
removal. It will be advisable to use smaller airplanes 
with flaps which. will be able to fly without "suction," 
in order to investigate all the major difficulties of suc- 
tion airplanes. 

VIII. CONCLUSIONS 



Two suction wings have been investigated: a thick- 
wing section with a thickness ratio of 40 percent with 
slots of various widths and at various stations (figs. 2 
and 3) and a flap wing with various designs of flaps and 
suction slots (fig. 18). With flap at zero position, the 
flap wing had almost no c.p. travel. Its thickness ratio 
was 20 percent. 

In varying the slots of the thick section, it was im- 
portant to find the most efficient location of the slot: 

1. To obtain maximum values for c a (c r ) for mini- 
mum sue t i o n . 
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2. To obtain small values for 11 equivalent drag" 
for values of. c a for long-range flight. 

(Equivalent drag = thrust work to overcome 
the profile drag + suction work} equivalent 
drag coefficient c^ defined as c a and 
c u • ) 

As to the different designs of flaps, it was impor- 
tant to obtain a suction slot which opens automatically 
with the flap deflection and is free from certain aerody- 
namic disadvantages of design I (separatod flow over the. 
flap, large values of a to obtain large values of c a ) • 
It has not as yet been possible to design such a flap. 

The results of the thick wing section are: With re- 
gard to c^ for small values of c a , slot IV is better 

than VI and as good as I to III and V (c 7 . = 0.015); with 

regard to the suction work at large values of c a , it is 
much better than all others. 

Concerning the angle of attack required, slots V and 
VI are better; c a values have been measured up to 3.5'. 
However, the limit of c a depends only on the magnitude 
of the suction work and according to previous experiments 
could be raised up to 5. 

With regard to c a the results of the flap wing 

1113. 3C 

are similar - no measurements being obtained for c a = 3.8. 
For P = 45° and 60° (for P, see fig. 18), c a values of 
3.6 to 3.8 have been obtained compared to c a = 2 at equal 
(3. for the wing without suction. Slot I is a solution for 
the attempted automatic locking device. Slots Ila and lib 
give a good flow on the flap (minimum a required). lie 
represents an intermediate solution, the conditions of flow 
being between I and Ila. (See fig. 18.) 

IT ear the ground the c a maac values for the flap wing- 
decrease very fast. (For explanation, see end of section 
VI.) 

Some statements have been made about the physical rea- 
sons which determine the unusual types of flow and the 
large c a values obtained (sec. V). Besides the actual 
boundary-layer removal (i.e., removal of the dangerous 
layer close to the wall, which causes separation), there is 
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a large contribution by the sink effect: The additional 
flow directed toward the slot, i.e., the "sink flow" changes 
the entire pressure field along the surface forward and 
aft of the slot so that separation occurs less rapidly 
(fig. 14). 3oth phenomena contribute to the actual condi- 
tions and are therefore necessary for a clear conception. 

General considerations show some, though not very 
great advantages of the two wings investigated over high- 
ly developed profiles without suction but with flaps.* 
The following factors were discussed: speed range, flight 
at maximum ceiling, landing and take-off distance. 

Future possibilities are briefly indicated. 



Translation by 17m. Bollay and H. M. Antz, 
Guggenheim Aeronautics Laboratory, 
California Institute of Technology. 



*Here c w = 0.0095 and c a = 2. 4. 
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Tables 1,3,3,4,5 



Table I. Thick wing. Slot I. 



Table III. Continued 



—10° 

—10° 

—10° 

—10° 

—10° 

--10° 

—10° 

—10" 

—10° 

—0,1° 

—0,1° 

—0,1°' 

—0,1° 

—0,1° 

+ 9,8° 
+ 9,8° 
+ 9,8° 
+ 9,8° 
+ 9,8° 
+ 9,8° 

20° 
20° 

30° 
30° 
30° 



0,84 
0,77 
0,72 
0,68 
0,60 
0,55 
0,50 
0,46 
0,43 
1,33 
1,34 
1,31 
1,30 
1,25 

2,27 
2,13 
2,06 
2,01 
1,97 
1,95 

2,70 
2,63 

3,41 
3,43 
3,52 



C V> 00 



0,0083 
0,0092 
0,0098 
0,0107 
0,0115 
0,0128 
0,0135 
0,0139 
0,0150 
0,0096 
0,0107 
0,0095 
0,0099 
0,0112 

0,0050 
0,0060 
0,0076 
0,0092 
0,0102 
0,0111 

0,0111 
0,0101 

0,0085 
0,0079 
0,0047 



0,0088 

0,0074 

0,0058 

0,00401 

0,00264 

0,00170 

0,00126 

0,00083 

0,00055 

0,00607 

0,00495 

0,00423 

0,00341 

0,00303 

0,0178 
0,0130 
0,0092 
0,0073 
0,0065 
0,0056 

0,0099 
0,0094 

0,0154 
0,0171 
0,0213 



2,50 
2,14 
1,74 
1,39 
1,07 
0,95 
0,81 
0,77 
0,65 

1,83 
1,59 
1,43 
1,25 
1,16 

5,46 
3,66 
2,50 
2,00 
1,81 
1,64 

2,58 
2,31 

4,3 
4,9 
6,9 



Table II. Thick wing. Slot II. 



a 


<V 


c w oo 




— c v 


—10° 
—10° 
—10° 
—10° 
—10° 
—10° 
—10° 
—10° 
—10° 


0,66 
0,60 
0,58 
0,56 
0,55 
0,52 
0,49 
0,48 
0,47 


0,0101 
0,0102 
0,0110 
0,0117 
0,0119 
0,0124 
0,0141 
0,0145 
0,0150 


0,00369 
0,00282 
0,00229 
0,00181 
0,00147 
0,00114 
0,00097 
0,00084 
0,00063 


1,18 
1,05 
0,99 
0,91 
0,85 
0,80 
0,77 
0,74 
0,69 


—10°*) 
—10° 
—10° 
—10° . 
—10° 


0,51 
0,49 
0,45 
0,44 
0,43 


0,0130 
0,0154 
0,0157 
0,0180 
0,0194 


0,00170 
0,00119 
0,00084 
0,00062 : 
0,00039 


0,87 
0,81 
0,73 
' 0,67 
0,61 


0° ' 

0°. 

0° 


1,33 
1,28 
1,25 


0,0090 
0,0100 
0,0113 


0,00421 
0,00313 
0,00254 


1,27 
1,08 
0,97 


+ 9,8° 
+ 9,8° 
+ 9,8° 
+ 9,8° 


2,17 
2,12 
2,04 
2,02 


0,0062 
0,0072 
0,0076 
0,0087 


0,0117 
0,0090 
0,0076 
0,0068 


2,41 
1,95 
1,70 
1,56 


+ 10° 
+ 20° 
+ 30° 


2,00 
2,69 
3,34 


0,0082 
0,0095 
0,0095 


0,0066 
0,0100 
0,0149 


1,50 
1,94 
2,77 


Table III. 


Thick wing. .Slot 


III. 


a ■ 


c r 


c WCO 


■ c Q 


— c 9 


—10,1° 
—10,1° 
—10,1° 
—10,1° 
—10,1°, 


' 0,64 
0,61 

.0,55 
0,51 
0,49 


0,0108 
0,0114 
0,0124 
0,0131 
0,0137 


0,00385 
,0,00275 
0,00192 
0,00130 
0,00086 


1,13 
1,00 
0,90 
0,80 
0,75 


—9,9°*) 
—9,9°*) 


,"0,54 . 
0;48 


0,0140 
0,0169 


0,00131 
0,00053 


0,83 
0,68 


—0,1" 
—0,1° 
—0,1° 
—0,1° 


1,45 
.1,36 
1,40 
1,31 


0,0084 
0,0099 
0,0088 
0,0105 


0,00698 
0,00423 
0,00579 
0,00312 


1,52 
1,19 
1,39 
1,02 



*) Recheck 



a 


°r 


j C V)00 


c Q 


— Cp 


0°*) 
0°*) 
0°* 
0°*) 


1,32 
1,30 
1,26 
. .1,25 


0,0131 
0,0120 
0,0137 
0,0146 


0,00355 
•0,00357 
0,00281 
0,00268 


1,13 
1,12 
1,01 
0,98 


+ 9,8° 
+ 9,8° 
+ 9,8° 
+ 9,8° 
+ 9,8° 
+ 9,8°. 
+ 9,8° 


2,26 

2,18 

2,09 

2,00 

1,99 

1,95 • 

1,88 


0,0043 
0,0053 
0,0071 
0,0075 
0,0095 
0,0101 
0,0111 


0,0186 
0,0132 
0,0093 
0,0065 
0,0065 
0,0057 
0,0053 


3,07 
2,26 
1 74 
1,39 
1,41 
1,30 
1,25 


+ 20° 


2,63 


0,0100 


0;0093 


1,62 


+ 30,3° 


3,33 


. 0,0066 


0,0147 


2,31 


Table IV. 


Thick wing. Slot 


IV. 


a 


Cr 


c wco 


c o 


— c P 


—10° 

— 10° 

— 10° 

— 10° 

— 10° 

— 10° 


0,64 
0,59 
0,52 
0,47 
0,42 
0,40 


0,0100 
0,0103 
0,0119 
0,0147 
0,0176 
0,0194 


0,00395 
0,00263 
0,00167 
0,00106 
0,00066 
0,00040 


1,08 
0,95 
0,83 
0,72 
0 65 
0^60 


+ 0,1° 
+ 0,1° 
+ 0,1° 
+ 0,1° 
+ 0,1° 


1,38 
1,34 
1,29 
1,28 
1,26 


0,0097 
0,0098 
0,0111 
0,0119 
0,0127 


0,00482 
0,00389 
0,00326 
0 00290 
0,00256 


1,21 
1,10 
1,03 
0,98 
0,92 


+ 9,9° 
+ 9,9° 
+ 9,9° 
+ 9,9° 
+ 9,9° 


2,13 
2,09 
2,03 
2,00 
1,98 


0,0091 
0,0079 
0,0093 
0,0101 
0,0095 


0,0107 
0,0087 
0,0073 
0,0060 
0,0056 


1,75 
1,56 
1,42 
1,27 
1,21 


+ 20° 


2,68 


0,0084 


0,0099 


1,54 


+30° 


3,29 


0,0084 


0,0144 


1,91 


Table V. Thick wing. Slot V. 


a. 


0 r 


C U>00 


c Q 


— "j. 


—10° 
— 10° 
—10° 
—10° 
—10° 


0,84 
0,77 
0,72 
0,62 
0,56 


0,0088 
0,0097 
0,0107 
0,0108 
0,0124 


0,00775 
0,00538 
0,00377 
0,00237 
0,00162 


1,15 
0,93 
0,77 
0,59 
0,50 


—0,15° 
—0,15° 
—0,15° 


1,64 
1,58 
1,51 


0,0067 
0,0075 
0,0081 


0,0093 
0,0069 
0,0056 


1,28 
1,01 
0,89 


+ 9,7° 
+ 9,7° 
+•9,7" 
+ 9,7° 
+ 9,7° 


2,36 
2,28 
2,26 
2,20 
2,15 


0,0031 
0,0032 . 
0,0033 
0,0048 
0,0055 


0,0205 
0,0181 
0,0161 
0,0126 
0,0101 


2,46 
2,02 
1,78 
1,41 
1,25 


+ 19,9° 
+'19,9° 
+.19,9° 
+ 19,9° 


3,05 
2,99 
2,93 
2,89 


0,0022 
0,0026 
0,0036 
0,0038 


0,0233 
0,0195 
0,0172 
0,0158 


2,66 
2,21 
1,91 
1,75 


+ 30° 
+ 30° 
+ 30° 
+ 30° 
+ 30° 
+ 30° 


3,67 
3,69 
3,62 
3,64 
3,57 
3,57 


0,0035 
0,0032 
0,0022 
0,0020 
0,0023 
0,0022 


0,0350 
0,0320 
0,0284 
0,0267 
0,0257 
0,0247 


4,13 
3,69 
3,16 
2,94 
2,82 
2,08 
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Tables 6,7,8,9,10,11 



Table VI. Thick wing. Slot VI. 



a 


Cr 






— c„ 


—10° 
—10° 
—10° 
— 10° 


0,69 
0,60 
0,51 
0,51 • 


0,0114 
0,0139 
0,0151 
0,0148 


0,00386 
0,00241 
0,00168 
0,00152 


0,77 
0,60 
0,51 
0,49 


—0,2° 
• —0,2° 


1,44 
1,37 


0,0089 
0,0098 


0,00712 
0,00562 


1,00 
0,86 


+ 10° 
+ 10° 


2,17 
2,12 


0,0072 
0,0075 


0,0113 
0,0102 


1,25 
1,15 


+ 19,9° 
+ 19,9° 


2,86 
2,86 


0,0060 
0,0061 


1 0,0157 
j 0,0150 


1,46 
1,40 


+ 30° 


3,57 


0,0026 


i 0,0224 


1,85 


• 

Table VII. Thick wing. Slot 


VII. 


a 


c r 




«. 


C J> 


—10° 
—10" 
—10° 
—10° 


"0,57 
0,53 
0,47 
0,42 


0,0162 
0,0174 
0,0209 
0,0240 


0,00540 
0,00380 
0,00236 
0,00167 


0,82 
0,74 
0,64 
0,56 


+ 200 


2,90 


0,0081 


0,0221 


1,55 


+ 29,8° 


: 3,67 


0,0032 


0,0594 


2,37 


Table VIII. Thick wing. Slot 


VIII. 


a 


Or 


c woo 


C Q 


— c„ 


—10° 
—10° 
—10° 
—10° 


0,68 
0,59 
0,53 
0,49 


0,0116 
0,0126 
0,0135 
0,0150 


0,00393 
0,00258 
0,00168 
0,00105 


1,17 
0,98 
0,86 
0,76 


-^0,1° 
—0,1° 
—0,1° 
—0,1° 
—0,1° 


1,37. 
1,32 
1,29 . 
1,24 
1,18 


0,0097 
0,0104 
0,0119 
0,0146 
0,0164 


0,00488 
0,00388 
0,00314 
0,00253 
0,00224 


1,32 
1,16 
1,07 
0,95 
. 0,90 


+ 9,8° 
+ 9,8° 
+ 9,8° 
+ 9,8° 


2,02 
1,97 
1,93 
1,89 


0,0088 
0,0112 
0,0124 
0,0157 


0,0074 
0,0060 
0,0054 
0,0046 


1,58 
1,37 
1,25 
1,14 


+ 19,9° 


2,61 


0,0112 


0,0090 


1,57 


+ 29,9° 


3,25 


0,0090 


0,0131 


2,06 



Table X. Wing, with flap I. 9*30° 



Table IX. Wing, with flap I. g«= 15° 





c, 


c «JCO 




' Cp 




12° 


1,20 


0,0300 


0 






24° ' 
24° 
24° 
24° 


2,46 
2,36 
2,23 
1,46 


0,00736 
0,01455 
0,0227 
0,0512 


0,01712 
0,01240 
0,00918 
0 


5,27 
3,04 
1,89 


0,72 


30° 
30° 


2,78 
2,65 


0,0113 
0,0165 


0,0190 . 
0,01603 


5,32 
3,88 




32,3° 


2,92 


0,0158 


0,02103 


5,5 





a 


c r 


C t0 3O 


o Q 


— c v 




0° 
0° 
0° 
0° 
0° 
0° 


1,04 

0,97 

0,97 

0,96 

0,93 ■ 

0.83 


0,0270 
0,0333 
0,0413 
0,0465 
0,0504 
0,0574 


0,00320 
0,00217 
0,00145 
0',00094 
0,00068 
0 


1,64 . 
1,36 
1 15 
l!04 
0,95 




12° 
12° 
12° 
12° 
J 2° 
12° 


1,85 
1,74 
1,73 
1,68 
1,68 
1,52 


0,0269 
0,0283 
0,0365 
0,0409 
0,0570 
0,0792 


0 00719 
0,00471 
0,00320 
0,00229 
0,00124 
0 


2 17 
1,59 
1,27 
1,08 
0,90 


0,68 


18° 
18° 
18° 
18° 
18° 


2,227 
2,163 
2,103 
2,078 
1,85 


0,0325 
0,0327 
0,0381 
0,0467 
0,0794 


0,00963 
0,00674 
0,00434 
0,00301 
0' 


2,48 
1,76 
1,23 
0,96 




24° 
24° 
24° 
24° 


2,83 
2,62 
2,49 
1,58 


0,0162 
0,0279 
0,0335 
0,154 


0,01775 
0,01257 
0,0089 
0 


4,01 
2,56 
i,54 


0,93 


■ 30° 
30° 


3,35 
2,96 


0,0154 
0,0267 


0,0232 
0,0166 


4,63 
2,63 


1,03 


34,5° 


3,47 


0,0187 


0,0258 


4,28 




Table XI. 


Wing, with flap I. 0» 45° 


a 


c r 


C !P0O 




Cp 




0° 
0° 
0° 
0° 
0° 


1,47 
1,36 
1,33 
1,26 
1,05 


0,0542 
0,0477 
0,0513 
0,0598 
0,1262 


0,00765 
0,00538 
0,00373 
0,00240 
0 


2,98 
.2,56 
2,31 
1,89 




12° 
12° 
12° 
12° 
12° 


2,13 
2,08 
2,06 
2,04 
1,72 


0J0464 
0,0476 
0,0543 
0,0604 
0,1158 


0,0097 
0,0068 
0,00477 
. 0,00411 
0 


2,94 
2,41 
2,16 
2,07 


0,76 


18° 
18° 
18° 
19° 


2,58 
2,52 
2,45 
2,06 


0,0415 
0,0492 - 
0,0547 
0,1276 


0,0136 
0,0091 
0,0057 
0 


3,52 
2,64 
2,02 




24° 
24° 
24° 
24° 
24° 
24° 
24° 
24° 
24° 


3,09 
3,05 
2,93 
2,90 
2,86 
2,80 
2,76 
2,70 
1,40 


0,0260 
0,0290 
0,0307 
0,0321 
0,0405 
0,0466 
0,0580 
0,0613 


0,0217. 

0,0195 

0,0176 

0,0150 

0,0130 

0,01056 

0,00848 

0,00804 

0 


4,83 
4,31 
3,83 
3,27 
2,83 
2,30 
1,72 
' 1,62 


1,01 
0,915 


30° 
30° 
30° 


3,36 
3,31 
3,15 . 


0,0210 
0,0281 
0,0471 


0,0246 
0,0219 
0,0166 


4,63 
3,95 
2,35 




33° 
33° 


3,58 
3,38 


0,0206 
0,0335 


0,0277 
0,0226 


4,68 
3,05 


1,23 
1,18 


34,8° 
34,8° 


3,79 
0,98 




0,0319 
0,0309 


■ 5,15 
2,23 
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Table XII. Wing, with flap I. 3- 55.6 



Table XIV. Continued 



a 


o r 


c tOOC 


c v 


— c„ 


c mh 


0° 
0° 
0° 
6° 

0° 


1,6 

1,6 

1,58 

1,42 

1,20 


0,0624 
.0,0634 
0,0631 . 
0,1395 
0,1708 


0,00827 
0,00585 
0,00400 
0,00285 
0 


'3,47 
3,35 
3,09 
1,67 




12° 
12° 
12° 
' 12° 
12° 


2,32 
2,28 
2,25 
1,91 
1,83 


0,0503 
0,0530 
0,0847 
0,1473 
0,1612 


0,0097 
0,0067 
0,0048 
0,0032 
0 


3,47 
3,12 
2,70 
0,86 


0,86 


18° 
18° 
18° . 
18° 
18° 


2,76 
2,72 
2,61 
2,40 . 
.2,17 


0,0452 
0,0462 
0,0669 
0,0998 
0,1426 


0,0141 
0,0094 
0,0057 
0,0053 

0. . 


3,96 
3,22 
2,55 
1,24 




24° 
24° 
24° 
24° 
24° 


3,18 
3,06 
2,98 
2,82 
1,39 


0,0366 
0,0400 
0,0511 
0,0763 


0,0221 
0,0154 
0,0113 
0,0090 
0,0106 


4,93 
3,68 . 
2,74 
1,81 
0,86 


1,03 


30° 
30° 


3^59 
3,30 


0,0310 
0,0612 


0,0240 
0,0170 


4,52 
2,44 


1,16 


34,3° 


3,71 


0,0290 


0,0275 


3,93 




Table XIII. Wing, with flap Ha. 0* 15 u 


' a 


c r 




c o 


— c p 




0° 
0° 
0° 
0° 
0° 


0,77 
0,77 . 
0,75. 
0j68 .'■ 
0,50 


0,0074 
0,0092 
0,0126 
0,0142 
0,0232 


0,0085 
0,0053 
0,0034 
0,0020 
0 


1,08 
0,98 
0,89 
0,73 




5° 
5° 
5° 


. 1,16 
1,13 
1,08 


0,0077 
0,0101 
0,0128 


0,0052 
0,0034 
0,0020 


0,96 
0,84 
0,66 




10° 
10° 
40° 
10° 

10° : 


1,51 
1,47 
1,43 
1,29 
1,18 


0,0061 
0,0101 , 
0,0140 
0,0203 
0,0274 


0,0102 
0,0063 
0,0035 
0,0021 
0 


1,14 

0,97 
0,77 
0,49 


0,54 
0,38 


"20° 
20° 
20° 
20° 
20° 


' '2,24 
2,22 
"■■ 2,10 
1,96 
1,72 


0,0034 
0,0052 
0,0112 
0,0185 


0,0214. 
0,0157 
0,0099 
0,0065 
0 ' 


1,59 
1,35 
0,99 
0,65 


0,61 


30° 
30° 
30° 


2,89 
2,84 
1,06 


0,0036 
0,0107 


0,0311 
0,0224 
0 


1,84 
1,33 




32,5° 
32,5° 


3,10 
1,07 


0,00^9 


0,0344 
0 


1,93 


0,99 
0,37 



Table XIV. Wing, with flap Ha. 8=30° 



a 




c «jq6 


C Q 


— c» 




0° 


1,41 


0,0046 


0,0103 


2,25 




0° 


1,36 


0,0079 


.0,0065 


1,95 


0,66 


0° 


1,31 


0,0121 


0,0047 


1,67 




0° 


1,20 


0,0182 


0,0036 


1,26 




0° 


1,14 


0,0295 


0,0038 


.0,93 




0° 


6,83 


0,059 


0 




0,40 


10° 


2,20 


0,0032 


0,0239 


3,06 




10° 


2,17 


0,0053 


0,0153 


2,57 




10° 


2,08 


0,0091 


0,0096 


2,10 




10° 


1,94 


0,0118 


0,0061 


1,56 


0,76 


10° 


1,79 


0,046 


0,0055 


0,82 




10° 


1,49 


0,051 


0 






20° 


2,80 


0,0066 


0,0207 


2,75 




20° 


2,71 


0,0102 


0,0146 


2,19 




20° 


2,57 


0,0216 


0,0100 


1,37 




20° 


2,13 




0,0099 


0,74 




20° 


1,85 




0 







a 


«r 


c aa> 


C Q 


~ ~" Op 




30° 


3,40 


0,0069 


0,0314 


3,16 




30" 


3,27 


0,0144 


0,0238 


2,27 




30° 


1,14 




0 






32,7° 


3,64 


0,0123 


0,0331 


2,79 


1,13 


32,7° 


0,87 




0 




0,39 


Table XV. Wing, with flap Ha. 9> 45° 


a 


c r 


c tttx> 


c Q 


— c„ 


°mh 


0° 


2,04 


0,0035 . 


0,0185 


3,96 


1,00 


0° 


1,99 


0,0036 


0,0132 • 


o,uO 


. 0,97 


0° 


1,84 


0,0336 


0,0093 




0 87 


0° 


1,31 


0,0788 


0,0109 


0,83 




0° 


1,19 


0,0801 


0 




0,57 


10° 


2,72 


0,0035 


0,0224 


3,84 


144 


10° 


2,69 


0,0059 


0,0157 


3,28 


10° 


2,59 


0,0111 


0,0112 


2,57 




10° 


d,90 


0,0855 


0,0144 


1,00 




10° 


1,75 


0,0904 


0 






20° 


3,40 


0,0041 


0,0278 


4,15 


1,34 


20° 


3,31 


0,0055 


0,0217 


3,56 


1,29 


20° 


3,14 


0,0123 


0,0157 


2,66 


1,20 


20° 


2,51 


.0,0762 


0,0216 


1,48 


20° 


1,86 


0,1320 


0 




29° 


3,79 


0,0099 


0,0299 


3,59 


1,38 


29,8° 


1,43 




0,0374 


1,85 




29,8° 


1,23 




0 


0,48 


Table XVI. Wing, with flap 


Ila. @ 


m 60° 


(X 


<V 


Cw 00 




— c p 




0°, 


2,64 


0,0030 


0,0230 


5,81 


1,24 


0° 


2,66 


0,0027 


0,0224 


5,75 


Tor low c Q the flow fluctuates between 


adhering anc 


I seperated condition. 




0" 


1,84 


0,1503 


0 




0,64 


10° 


3,32 


0,0031 


0,0262 


5,32 




10° 


3,26 


0,0050 


0,0195 


4,34 


1,40 


10° 


1,91 


0,1612 


0 




19,8° 


3 82 


0 0059 


0,0283 


5,11 


1,56 


20,2° 


2,67 


0,1700 


0,0344 


2,16 




23,5° 


1,83 


0,0343 


1,8 




29,5° 


1,26 




0,0355 


• 1,73 




30,0" 


1,03 




0,0355 


1,58 




22,5° 


1,46 




0 




0,51 


30° 


1,02 




0 





Table XVII. Wing, with flap lib. 



a 


<V 


c v>ao 


c «. 








/? = 30°. 






20° 
20° 


2,73 . 
2,62 


0,0120 
0,0166 


0,0139 
0,0096 


2,97 
1,96 


25° 
25° 


3,12 
2,93 


0,0100 
0,0183 


0,0213 
0,0152 


4,22 
2,52 


30° 
30° 


3,42 
3,30 


0,0134 
0,0192 


0,0257 
0,0219 


4,66 
3,50 


32,2° 


3,54 


0;0167 
p = 45°. 


0,0268 


4,42 


20° 
20° 


3,36 
3,15 


0,0081 
0,0207 


0,0216 
0,0152 


5,1 
3,32 


25° 
25° 


3,63 
3,57 


0,0125 
0,0152 


0,0247 
0,0228 


5,1 
4,55 


29,2° 


3,70 


0,0156 
/3= 60°. 


0,0254 


4,38 


0° 


2,64 


0,0044 


0,0135 


5,7 : 


6° 


3,04 


0,0066 


0,0180 


5,9. 


11,5° 


3,27 ' 


0,0070 


0,0814 


6,4 
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Table XVIII. Wing, with flap lie. fl«15° 



Table XXII. Wing, with flap Ha. 
Ground clearance a«0.5t. 



a ,, 


c r 


C VJ 00 


c <) 


— c.j> 




0° 
0° 
0° 
0" 


0,82 
0,79 
0,72 
0,66 


.0,0094 
0,0117 
0,0138 
0,0171 


0,0086 
0,0055 
0,0032 
0,0017 


1,24 
1,01 
0,83 
0,64 




10° 
10° 
10° 
10° 


1,53 
1,45 
1,38 
1,31 


0,0074 
0,0108 
0,0136 
0,0164 


0,0104 
0,0062 
0,0039 
0,0022 


1,41 
1,03. 
0,80 
0,59 


0,47 


32,8° 


3,14 


0,0082 


0,0289 


3,08 


0,96 


Table XIX. Wing, with flap 


He. 0-30° 


a. 


c r 


c 10O0 ' 




— c„ 


c m„ 


10? 
10°. 
10° 
10° 


-1,98 
1,86 
1,74 
1,66. 


0,0080 
0,0139 
0,0226 
0,0320 


o;oii2 

0,0072 
0,0043 
0,0022 


3,29 
2,46 
1,77 
1,24 


0,66 


15° 
15° 


2,26 
1,97 


0,0098 
0,0293 


0,0112 
0,0034 


3,16 
1,05 




2.0° 
20° 
20° 
20° 


2,79 
2,60 
2,52 
2,45 


0,0076 
0,0126 
0,0162 . 
.0,0249 


0,0224 
0,0136 
0,0098 
0,0078 . 


5,55 
3,49 
2,47 
1,77 


. 0,90 


25° 
25° 
25° 


3,06 
.2,86 
2,68 


0,0106 
0,0175 


0,0221 
0,0152 
0,0110 


5,13 
3,26 
1,89 




30° 
30° 


3,28 
3,08 


0,0180 
0,0266 


0,0229 
0,0174 


4,69 
2,74 




32,5° 


3,39 


0,0203 


0,0238 


4,21 


1,08 



(X. 


P 

r 


c r 


Q 


— c p 


0° 
0° 
0° 
0° 


30° 
30° 
30° 
30" 


1,77 
1,64 
1,52 
1,23 


0,0075 
0,0054 
0,0050 
0 


. 1,49 
1,10 
0,63 


5° 
5° 
5° 

5°. 


30° 
30° 
30° 
30° 


2,02 
1,94 
1,81 
1,57 


0,0105 
0,0074 
0,0070 

o 


1,35 
0,90 
0,54 


10° 
10" 
10° 


QftO 
ou 

30° 

30° 

30° 


9 Qn 
2,27 
2,25 
1,79 


U , U 1 DO 

0,01058 

0,0118 

0 


1 38 
1,37 
0,86 


15° 


30° 


2,54 


0,0372 


1,98 


0° 
0° 
0° 


45° 
45° 
45° 


2,28 
2,17 
1,57 


0,0156 
0.0107 
0 


2,19 
1,76 


5° 
5° 
5° 


45° 
45° 
'45° 


2,44 
2,36 
1,76 


0,0196 
0,0150 
0 


2,11 
1,57 


9,5° 
9,5° 


45° 
45° 


2,68 
1,96 


0,0318 
0 


2,36 


0,8° 


60° 


2,55 


0,0288 


3,51 


1,0° 


60° 


2,55 


0,0288 


3,46 


Table XXIII. 


Wing, with flap Ila. 



Table XX. Wing, with flap lie, g* 45° 



«' 


Cr 


Ctooo 


Cn 


— c v 




10° 
10° 
10° 
10° 


2,36 
2,22 
2,14 
1,78 


0,0230 
0,0350 
0,0399 


0,0107 
0,0069 
0,0043 
0,0023 


4,08 
3,02 
2,33 
0,67 


0,89 


20° 
20° 
20° 
20° 


3,25 
2,89 
2,74 
2,67 


0,0196 
0,0251 
0,0385 
0,0467 


0,0200 
0,0123 
0,0092 
0,0066 


6,4 
3,79 
2,70 
1,91 


1,25 
0,95 


25° 
25° 


3,31 
3,10 


0,0260 . 
0,0341 


0,0211 
0,014i 


■ 5,7 
3,09 




30° 
30° 


3,52 
3,46 


0,0297 
0,0374 


0,0229 
0,0199 


5,2 ■ 
3,80 


1,14 


32,5° 


3,6*6 


0,0382 


0,0246 


4,50 


."' ' '1,17' ' 


Table XXI. Wing, with flap 


He. 3«60° 


a 


Cr 


c »00 


°Q 


— o P 


c m» 


10° 
10° 
10° 


2,88 
2,69 
2,64 


0,0210 
0,0352 
. 0,0364 


0,0154 
0,0108 
0,0072 


6,6 

4,73 

3,71 


1,18 


20° 
20° 


.3,39 
3,24 


0,0327 
0,0375 


0,0178 
0,0127 


5,9 
3,86 


. 1,22 


25° 
25° 


3,64 
. 3,57 


0,0341 
0,0385 


.0,0207 
0,0188 


5,9 
5,02 




27,6° 


3,68 


0,0406 


0,0215 


5,3 


1,31 



Ground clearance a« 0.67t. 



a 


P 


c r 


c p 


— c„ 




10° 
10° 


30° 
30° 


2,20 
1,79 


0,0101 
0 


0,99 




16,8° 
16,8° 


30° 
30° 


2,77 
1,50 


0,0324 
0 


2,15 




12,8° 
12,8° 


45° 
45° 


2,86 
1,70 


0,0306 
0 


2,26 




4,3° 


60° 


2,87 


0,0300 


3,69 




4,9° 
4,9° 


60° 
60° 


2,63 
1,85 


0,0305 
0 


2,44 





Table XXIV. Wing, with flap Ila. 
Ground clearance a* 0.83t. 



:<* 


P 


c r 


Cp 


— c n 


c mh 


15° 
15° 
15° 


30° 1 
30° | 

30° ■ .1 


2,54 
1,95 
1,79 


0,0169 
0,0158 
0 


1,37 
0,75 




18,9° 
18,9° 


30° ! 
30° i 


2,88 
1,37 


0,0336 
0 


2,26 




10° 
10° 


45° | 
45° i 


2,65 
2,0? 


0,0164 
0,0178 


1,78 
0,88 




14;3° 


• -'■ ; :• --let 

45° | 


2,93 


0,0305. 


2,47 




0° 
0° 
0° 


60° 1 
60° ! 
60° i 


2,66 
1,75 
1,64 


0,0168 
0,0228 
0 


3,02 
1,36 




6,4° 


60° 


3,01 


0,0300 


3,86 




7,5° . 
7,5° 


60° | 
60° | 


2,35 
2,00 


0,0330 
0 


2,55 ' 




Table XXV. Wing, with flap Ila. 
Ground clearance a**1.5t. 


a 


P ■ 


c r 


C Q 


— c„ 


c mh 


25,5° 
2f,8° 
11,4° 


30° 
45° 
60° 


3,18 
3,30 
3,3.1 


0,0312 
0,0288 
0,0265 


2,41 
2,62 
4,26 


1,06 
1,19 
1,33 
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Figs. 1*2,3 




Figure 1.- Experimental set-up. 




Figure 3.- Slot arrangements 
I to VIII for 
thick wing. 
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Figs. 4,5,6,7,8 
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Figures 4,6.-. Besults with slot 17 of thick wing. 




qor ops o,03 
figure 6.- Lift and auction volume 
for various slots* 
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.Z0 0 mad30°~\t-W 
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Averaged 



Opl 0,02 0P3 

Figure 8.- Suction pressure and 
suction volume for 
various slots. 



Figure 7.- Profile drag and 
suction volume 
for various slots* 
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Figs. 9,10,11,12 




0,02 OflU 0,06 0,08 

Figure 9.- Lift and profile 

efficiency for 
various slots. 
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figure 10*- Lift and angle of 
attack with wing 
of infinite span for various 
slots* 
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Figure 11.- Lift and suction 
factors for var- 
ious slots. 



Figure 12*«JPressure distribution 

over thick airfoil 
with varying ot, slot IV. 
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TiCS. 13,14,15,16,17,18 
Trail ing 
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Figure 14.- 
Effect of sink 
on pressure 
distribution. 




Figure 15.- Slot X 
near trailing edge 
of wing. 



L nse at- 1 from 
suction trailing 
side* edge 
along 
surface. 



Figure 16.- Slot IX 
with over-lapping 
9ft trailing edge. 



Figure 13.- Pressure distribution 
over thick airfoil with varying oc, 
slot V. 




Figure 17.- Pressure distribution 
for slot IX. 



Figure 18.- Diagrams of wing flaps. \* 
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Jigs. 19,24,25,26 



Fixed pivot for angle 
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Figure 19.- Definition of angle, 

point of rotation 
and ground clearance of smooth 
wing. 




Figure 26.- Lift and speed 

factor of suction 
for flap II a. 
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Figure 24.- Lift and yawing 

moment for flap II a. 
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Figure 25.- Lift and angle, a 
for wing of infi- 
nite span, with flap I. 
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Figure 20.- Results for flap II a, lift, profile Figure 31.- for flap II a, 

drag, suction pressure, suction p»30 . 

volume (flap angle p- 15°), for a see Figs. 4&5. 
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Figs. 27,28,29,30 
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Figure 27*- Lift and angle, a, 
for wing with, infi- 
nite span, flap XI c. 
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Figure 28.- Lift and speed 
factor of suc- 
tion for flap X. 
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Figure 29,- Lift and angle, ot 
for wing with infi- 
nite span, flap II c. 
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Figure 30.- Lift and speed factor 
of motion, flap II c. 



ff.JUC.JU Technical Memorandum So. 773 



fig*. 31,32,33,34 
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Jigure 31.- Lift and suction 
volume, compiled 

for flap I. 



-? 








1 


— y^^t 


,y 

























Flap 

» lb 




















O 1 - 






—a 



figure 32.- Lift and suction 
volume, compiled 
for flaps II a and II b. 
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figure 33.- Lift and suction 
volume, compiled 
for flap II e. 
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figure 34.- Pressure distribution 
for flap II a. 



